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Background: The first step in SARS-CoV-2 infection is binding of the virus to angiotensin converting enzyme 2
(ACE2) on the airway epithelium. Asthma affects over 300 million people world-wide, many of whom may encounter
SARS-CoV-2. Epidemiologic data suggests that asthmatics who get infected may be at increased risk of more severe
disease. Our objective was to assess whether maintenance inhaled corticosteroids (ICS), a major treatment for asthma,

Methods: Large airway epithelium (LAE) of asthmatics treated with maintenance ICS (ICS™), asthmatics not treated
with ICS (ICS7), and healthy controls (controls) was analyzed for expression of ACE2 and other coronavirus infection-

Results: As a group, there was no difference in LAE ACE2 expression in all asthmatics vs controls. In contrast, sub-
group analysis demonstrated that LAE ACE2 expression was higher in asthmatics ICS™ compared to ICS™ and ACE2
expression was higher in male ICST compared to female ICS™ and ICS ™ of either sex. ACE2 expression did not corre-
late with serum IgE, absolute eosinophil level, or change in FEV1 in response to bronchodilators in either ICS™ or ICS™.

Conclusion: Airway ACE2 expression is increased in asthmatics on long-term treatment with ICS, an observation that
should be taken into consideration when assessing the use of inhaled corticosteroids during the pandemic.
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Introduction

The global pandemic coronavirus disease-2019 (COVID-
19), caused by infection with severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2), is characterized
by high morbidity and mortality, predominantly from
respiratory failure [1]. Moderate to severe asthma may
be associated with an increased risk of being infected
with COVID-19 [2, 3]. Possible explanations include
differences in patient behavior, the underlying disease
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process, and/or the medications used to treat the disease
[4]. Inhaled corticosteroids (ICS) are the cornerstone of
asthma therapy, reducing airway inflammation, control-
ling asthma symptoms and preventing exacerbations [5].
The immunosuppressive properties of inhaled and sys-
temic corticosteroids have led to concerns about their use
during the pandemic. However, without clear evidence of
detriment, current respiratory society guidelines recom-
mend their continued therapy to maintain disease control
and to use systemic corticosteroids during exacerbations,
if required [2, 4, 6, 7]. In the context that inhaled corti-
costeroids are commonly used to treat asthma, and that
dexamethasone is widely used to treat COVID-19 related
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pneumonia, we asked: are there COVID-19-related risks
to the use of corticosteroids in patients with asthma?

SARS-CoV-2 uses the angiotensin converting enzyme
2 (ACE2) receptor to enter host cells [8]. We previ-
ously demonstrated that the ACE2 gene is widely
expressed in the human airway epithelium and is upregu-
lated in males vs females and smokers vs nonsmokers [9].
Several studies examined ACE2 expression in asthmat-
ics, including in the nasal, large airway epithelium (LAE)
and lung biopsies [10-15]. However, none of these stud-
ies directly addressed the effects of chronic use of ICS
on airway ACE2 expression in asthmatics. Given that
asthma affects over 300 million people, many of whom
are on treatment with inhaled corticosteroids and may
encounter SARS-CoV-2, we evaluated LAE ACE2 expres-
sion in a cohort of predominantly mild to moderate non-
smoker asthmatics, treated with maintenance ICS (ICS™)
vs not treated (ICS").

Methods

Study population and biologic samples

Research subjects were recruited using local print and
online media and evaluated at the Weill Cornell Medi-
cal College Clinical Translational and Science Center and
the Department of Genetic Medicine Clinical Research
Facility under institutional review board-approved proto-
cols. After providing written consent, all subjects under-
went a detailed screening visit, including assessment of
medical history, physical exam, complete blood count,
coagulation studies, liver function tests, urine analysis,
chest X-ray, high resolution chest CT scan, EKG and
pulmonary function tests to determine their phenotype
1-3 weeks prior to gene expression assessment. All sub-
jects were determined to be nonsmokers based on self-
reported smoking history, confirmed by the absence of
the tobacco metabolites nicotine and cotinine in their
urine [16] (see Inclusion/Exclusion criteria). Asthma was
diagnosed based on a compatible clinical history plus
evidence of reversible airflow obstruction and/or posi-
tive methacholine challenge [17]. The study population
included nonsmokers with asthma (n=57, “all asthma”)
and healthy nonsmoker controls (n=29, “controls”), see
Table 1 for demographic details. Of the n=57 asthmat-
ics, n=19 reported to be on maintenance inhaled corti-
costeroids (“ICS”) twice a day, with doses ranging from 50
to 250 mcg (average dose 186 mcg), for at least 3 weeks
to 6.5 years (average use at least 6 months, “ICS'"), and
n =38 were not treated (“ICS™).

Sampling of the large airway epithelium

After undergoing evaluation, all individuals who met
the Inclusion/Exclusion criteria listed above underwent
bronchoscopy with brushing of the large airway to sample
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the epithelium as previously described [9, 18]. Briefly, a
fiberoptic bronchoscope was positioned proximal to the
opening of a desired lobar bronchus and a 2 mm diam-
eter brush was used for gentle brushing of the 3rd—4th
order bronchi. Cells were collected by gently gliding the
brush back and forth on the epithelium 5-10 times in
8-10 different locations in the same general area.

Large airway epithelium sample processing

LAE cells were processed as previously described [9, 18].
Briefly, LAE cells were dislodged from the cytology brush
by flicking into 5 ml of ice-cold Bronchial Epithelium
Basal Medium (BEBM, Lonza, Basel, Switzerland) and
kept on ice until processed. A 4.5 ml aliquot was imme-
diately processed for RNA extraction and the remaining
0.5 ml aliquot was used for differential cell count. Total
cell number was determined by counting on a hemocy-
tometer and cell morphology and differential cell count
(percentage of inflammatory and epithelial cells as well as
proportions of ciliated, basal, secretory, and undifferen-
tiated epithelial cells) were assessed on sedimented cells
prepared by centrifugation (Cytospin 11, Shandon instru-
ments, Pittsburgh, PA) and stained with Diff-Quik (Dade
Behring, Newark, NJ).

Microarray assessment of gene expression

Total RNA was prepared for microarray transcrip-
tome analysis using the 3'IVT Express kit (Affym-
etrix, Santa Clara, CA) and assessed using Affymetrix
HG-U133 Plus 2.0 microarrays (Affymetrix), as previ-
ously described [19, 20]. Briefly, RNA quantity was
assessed by Nanodrop ND-1000 (Thermo Scientific,
Wilmington, DE) and RNA quality by Bioanalyzer (Agi-
lent Technologies, Santa Clara, CA) [21, 22]. Total RNA
(1-2 pg) was used to synthesize double stranded cDNA
and Affymetrix kits were used to quantify the biotin-
labeled cDNA vyield®. RNA was hybridized on the arrays
with probes for > 54,000 genome-wide transcripts using
Affymetrix protocols, hardware and software [22].
Microarray quality was verified by signal intensity ratio
of GAPDH 3’ to 5" probe sets < 3.0 and multi-chip nor-
malization scaling factor <10.0 [21]. The MAS5 algo-
rithm (GeneSpring version 7.3, Affymetrix Microarray
Suite Version 5) was used to normalize the data per
array to the median expression value of each sample.
Each gene was represented by one probeset, selected
based on highest specificity and sensitivity scores
(Affymetrix) and its expression level was assessed rela-
tively to the gene expression of all other genes on the
array (n=14,465). Assessment of gene expression was
performed for genes with relative expression level >0
in at least>20% of the subjects in either one of the
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Table 1 Study population demographics
Parameters Controls Asthmatics p value
All Ics™ Ics* All asthmatics vs Asthmatics
controls ICS" vsICSt
N 29 57 38 19
Sex (male/female) 11/18 30/27 25/13 5/14 >0.1 <0.005
Age 38£11 33£11 31£10 3611 <0.04 >0.08
Ethnicity (AA/E/H/O)' 13/8/4/4 31/10/13/3 24/5/6/3 7/5/7/0 >0.5 >0.2
BMI (kg/mz) 264 27+4 27+£5 27+4 >0.09 >09
IgE (IU/mL) 38+37 471+£674 509+774 394+417 <0.002 >0.5
Eosinophils 0.140.1 03402 03402 03+0.2 <107 >09
(absolute, x 10°/uL)
Lung function?
FVC (% predicted) 112412 102+ 14 103413 101+18 <0.002 >0.7
FEV, (% predicted) 10911 87413 88413 84413 <10 >03
FEV1 response to ronchodilators 842 11+8 11+8 12+£10 <0.006 >0.5
(% change)
FEV,/FVC 81+4 71+£9 7248 7049 <107 >04
(% observed)
TLC (% predicted) 10216 103£15 103£15 10316 >0.7 >0.8
DLCO (% predicted) 90+8 89411 89412 88+10 >0.6 >0.5
Asthma severity N/A 29/23/5 25/10/3 4/13/2 N/A <0.02
(mild/mod/sev)?
LAE asthma-related genes*
CLCA1 2+11 27+£59 26£45 30£82 <107 (12.0) >0.1
SERPINB2 545 30436 32+34 2741 <1039 >0.3
POSTN 16£15 63+£66 74+73 40+41 <107 (3.2) <0.03(2.0)

Data is presented as mean =+ standard deviation; p value calculated using a Student’s t-test for numerical parameters or a chi-square test for categorical parameters;
all subjects were HIV negative, nonsmokers, and had normal levels of a1-antitrypsin (see Inclusion/Exclusion criteria in Additional file 1 for details); controls = healthy
nonsmoker controls, ICS™ =nonsmoker asthmatics not treated with inhaled corticosteroids (ICS), ICST =nonsmoker asthmatics treated with maintenance ICS

T AA African-American; EEuropean; HHispanic; O Other

2 Lung function parameters are presented as pre-bronchodilator values and as percent predicted except the FEV,/FVC ratio, which is presented as % observed; FEV1
response to bronchodilators was calculated based on FEV1 post vs pre-bronchodilators (% change); FVCforced vital capacity; FEV, forced expiratory volume in 1's;
TLCtotal lung capacity; DLCOdiffusion capacity, DLCO was corrected for hemoglobin and carboxyhemoglobin [35]

3 Mod moderate, sevsevere, N/A not applicable

4 Large airway epithelium (LAE) gene expression was assessed by microarray (Affymetrix HG-U133 Plus 2.0) for genes expressed in > 20% of the subjects in either
compared group; additional LAE asthma-related genes [24]; IL-4, IL-5 and IL-13 were expressed in < 20% of the subjects, therefore were not compared between

the groups; all asthmatics vs controls were compared using 2-way ANCOVA (age was a co-variant), significant genes were up-regulated in asthmatics vs controls;
asthmatics ICS™ vs ICS were compared using 2-way ANCOVA (sex was a co-variant), significant genes were up-regulated in ICS™ vs ICS*; the fold-change is detailed in
brackets for genes with a significant p value (p value <0.05 was considered significant)

compared groups. In addition to ACE2, the expression
of other genes related to the initial steps of coronavirus
and several LAE asthma-related genes was compared
between the groups. The image files from the micro-
arrays were processed using Partek Genomics Suite
software version 6.6, 2012 (Partek, St. Louis, MO). A
2-way ANCOVA was used to compare all asthmatics
vs controls (age was a co-variant) and asthmatics ICS™
vs ICS™ (sex was a co-variant) in Partek (p<0.05 was
considered significant). The raw data analyzed in this
study has been deposited in the public repository Gene

Expression ~ Omnibus
accession # 179156).

(www.ncbi/nlm/nih.gov/geo,

Results

Current epidemiologic data suggests that asthmatics who
are infected with SARS-CoV-2 may be at increased risk
of more severe disease [2, 3]. Airway epithelial expres-
sion of ACE2 plays a central role in SARS-CoV-2 infec-
tion [7] and its expression in the asthmatic airway may be
influenced by T-helper type 2 (Th2)-related inflammatory
processes [13, 23]. Therapies such as inhaled corticoster-
oids may be relevant to this observation. Consistent with
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this hypothesis, we observed higher large airway epithe-
lial ACE2 expression in asthmatics ICS™ vs ICS™.

With minor differences, assessment of demographics of
all asthmatics, as a group, and controls demonstrated the
groups were similar in sex, ethnicity and BMI (Table 1).
For gene expression comparison of the groups, the dif-
ference in age was accounted for using ANCOVA. ICS™
and ICS™ asthmatics were comparable in all demograph-
ics, except for sex, which was accounted for in the gene
expression analysis using ANCOVA. As expected, the
asthmatics, as a group, had higher IgE and eosinophil
levels compared to controls, but there was no difference
in these parameters among asthmatics ICS* vs ICS™. As
demonstrated by others [24], quantification of expression
of the LAE asthma-related genes CLCA1, SERPINB2 and
POSTN confirmed they were up-regulated in asthmatics
vs controls. Of those, only POSTN was up-regulated in
asthmatics ICS™ vs ICS*. IL-4, 5 and 13 were expressed
in<20% of the subjects and therefore not compared
between the groups.

There was no difference in the LAE ACE2 expres-
sion in all asthmatics, as a group compared to controls
(all subjects, p>0.2; analyzed by sex, p>0.2, Fig. 1A,
B). However, ACE2 expression was higher in the LAE
of asthmatics ICS™ vs asthmatics ICS™ (p<0.008, fold-
change>1.2, Fig. 1C). Consistent with our prior obser-
vation of higher ACE2 expression in males [9], male
asthmatics treated with ICS exhibited significantly
higher ACE2 expression than female ICS™ (p <0.04, fold-
change >1.5), male ICS™ (p <0.004, fold-change >1.5) and
female ICS- (p<0.02, fold-change>1.7, all comparisons,
Fig. 1D). ACE2 expression did not correlate with serum
IgE or absolute eosinophil levels, or with change in FEV1
in response to bronchodilator in either ICSt or ICS~
(r?<0.05 and p > 0.2, all correlations, Fig. 2).

In contrast to our observation that chronic use of
inhaled corticosteroids up-regulates ACE2 expression in
the LAE, based on our analysis of the data set of Wood-
ruff et al. [24] (www.ncbi.nlm.nih.gov/geo, accession
#4302) of LAE gene expression before and after acute
exposure to inhaled fluticasone for 1 week, ACE2 expres-
sion was not up-regulated in asthmatics in response
to the treatment. We conclude that acute exposure to
inhaled corticosteroids has no effect on LAE ACE2
expression, while chronic use of inhaled corticosteroids is
associated with LAE up-regulation of ACE2.

In addition to assessing the expression of ACE2, we
assessed the LAE expression of other genes related to
the initial steps of coronavirus infection based on line-
age B coronaviruses, including: ADAM10 and ADAM17
(ADAM metallopeptidase domain 10 and 17, respec-
tively), cell surface disintegrins that mediate shedding of
ACE2 from the cell surface [25]; TMPRSS2, TMPRSS11A
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and TMPRS11D (transmembrane protease serine 2,
11A and 11D, respectively), CSTL (cathepsin L) and
FURIN (furin), involved in protein priming of the virus
to facilitate fusion of the coronavirus envelope with
the cell membrane during infection by SARS-CoV-2
[8, 26-28]; and PIK4B (phosphatidylinositol 4-kinase
beta), an enzyme that inhibits SARS-CoV-2 infection
[29]. All genes, except for FURIN, were expressed in the
LAE. Similar to our observations in smokers compared
to nonsmokers [9], other than the LAE up-regulation
of TMPRSS2 in asthmatics overall compared to con-
trols (p<0.004, fold-change=1.2), there were no other
asthma-related changes in LAE expression among the
genes related to coronavirus infection (p>0.1, all com-
parisons). In regard to ICST vs ICS™, up-regulation of
TMPRSS11D was the only ICS-related change in LAE
expression, with higher expression among ICS™ com-
pared to ICS™ (p <0.05, fold-change =1.3).

Discussion

Our observation of induced LAE ACE2 expression of
asthmatics on maintenance inhaled corticosteroids
vs asthmatics not on corticosteroids needs to be put
in the context of other observations of ACE2 expres-
sion in asthmatics. Several studies that examined ACE2
expression in asthmatics found no significant difference
between asthmatics and controls, and no relationship
between ACE2 expression and asthma severity [11, 14].
A small decrease in ACE2 expression in nasal epithe-
lium samples has been noticed in asthmatics compared
with healthy controls [13]. ACE2 expression in sputum
cells was similar in asthmatics vs controls, but lower in
asthmatics on ICS vs asthmatics not on ICS [30]. Finally,
a study of ACE2 expression in nasal airway samples
obtained from children and adults with allergic rhini-
tis and asthma reported an inverse relationship between
nasal ACE2 expression and allergic status and Th2 bio-
markers, including serum IgE, exhaled nitric oxide level,
and reduced nasal and airway IL-13 expression and air-
way ACE2 expression following allergen exposure [10].
This clinical observation is supported by in vitro studies
reporting a reduction in ACE2 expression by airway epi-
thelial cells following IL-13 treatment and a negative cor-
relation between ACE2 and Th2-cytokines [25].

New data on the effects of asthma on SARS-CoV-2
infection rate and disease severity are rapidly evolv-
ing. Several studies found no association of asthma
with an increased risk of hospitalization or duration
of hospitalization due to COVID-19 [31, 32], while
others found that asthma patients likely have differ-
ent risk of severe COVID-19, which may be associated
with different ACE2 expression [33]. However, most
studies agree that the variability in asthma prevalence
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A. LAE ACE2 expression, all asthmatics B. LAE ACE2 expression, all asthmatics
vs controls vs controls; by sex
22— — p>0.6 —/ 2.2 1 — p>0.7 ]
20 - 2.0 4 I p>0.7 I
—— p>09
1.8 1.8 + 0a— P04 1 o,
>0. >0.
S 16 § 164 P IS
2 2
g 1.4 @ 4 1.4 - %
o o
£ 1.2 0 x 12 3 3
2 1.0 1 2 1.0 A
5 3
o 087 > 08
2 | 2 0.6 -
5 0.6 5 0
& 0.4 g 04
0.2 0.2
0 0
Controls Asthmatics Males Females Males Females
(n=29) (n=57) (n=11) (n=18) (n=30) (n=27)
Controls Asthmatics
C. LAE ACE2 expression, ICS* vs ICS- D. LAE ACE2 expression, ICS* vs ICS; by sex
— p>0.3
—— p>0.06 —
— p<0.004 —
p<0.02 —
— p>0.4 ] ,— p<0.04 |
2.2 1 ~ p<0.008 - 2.29
2.0 - 2.0
1.8 H 1.8 H
ﬁ 1.6 - 2 .
© 1.4 % g 1.4
g g Q
o 1.2 @ 5 1.2+
[ Q §
S 1.0 s 107
o o
o 0.8 o 0.8
2 2
® 0.6 & 0.6
) )
X 0.4 X 0.4
0.2 0.2 7
0 ICS- ICS* 0 Males Females Males Females
(n=38) (n=19) (n=25) (n=13) (n=5) (n=14)
ICS- ICS*
Fig. 1 Effect of maintenance inhaled corticosteroid (ICS) and sex on ACE2 expression in the large airway epithelium (LAE). A, B All nonsmoker
asthmatics (n=57) vs healthy nonsmoker controls (n=29). C, D Nonsmoker asthmatics on maintenance ICS (ICS*, n=19) vs nonsmoker asthmatics
not on ICS (ICS™, n=38). A All asthmatics vs controls, by phenotype (ANCOVA, with age as a co-variant). B All asthmatics vs controls, by phenotype
and sex (ANOVA). C Asthmatics ICST vs asthmatics ICS™, by phenotype (ANCOVA, with sex as a co-variant). D Asthmatics ICST vs asthmatics ICS™, by
phenotype and sex (ANOVA). Data is presented as mean = standard error

among patients with COVID-19 in different countries =~ SARS-CoV-2 [33, 34]. This study demonstrated that
or regions makes it difficult to draw strong conclusions ~ ACE2 expression is significantly higher in ICS* com-
regarding the risk, if any, of asthmatics to infection with  pared to ICS™ asthmatics, but to a small extent, possibly
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Fig. 2 Correlation of absolute eosinophil and serum IgE levels and FEV1 response to bronchodilators with large airway epithelium (LAE) ACE2
expression. A—-C Nonsmoker asthmatics not treated with inhaled corticosteroids (ICS, ICS™, n = 38). D-F Nonsmoker asthmatics treated with
maintenance ICS (ICST, n=19). A, D Eosinophil level vs ACE2 expression. B, E IgE level vs ACE2 expression. C, F FEV1 response to bronchodilators
(FEV1 post- vs pre-bronchodilators, presented as % change) vs ACE2 expression

due to the limitation in size of the study population. A
study that compares the rate of SARS-CoV-2 infection
in ICS™ vs ICS™ asthmatics, with larger sample sizes is

required to verify our findings.

Conclusions

Asthmatics on maintenance inhaled corticosteroids have
higher expression of LAE ACE2 than those not on corti-
costeroids. It is not clear whether this is secondary to the
corticosteroids per se or related to processes associated
with the underlying asthma. In the context that increased
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LAE ACE2 expression may increase susceptibility to the
extent of infection in asthmatics exposed to SARS-CoV-2,
although ICS are the cornerstone of asthma therapy, and
asthma should be controlled in all patients, management
of patients with asthma infected by SARS-CoV-2, includ-
ing adjustment of medication, should be considered on
an individual basis.
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